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A cell line, ATDC5, isolated from a differentiating culture of AT805 teratocarcinoma expressed a 
fibroblastic cell phenotype in a growing phase. With the addition of 10 |j,g/ml insulin to the medium, cells 
continued to grow even in a postconfluent phase, formed cartilage noduIe-like*cell aggregates, were stained 
with Alcian blue and produced cartilage-specific proteoglycan and type II collagen, typical marker molecules 
for chondrogenesis. Since ATDC5 cells also differentiated into unidentifiable pigmented cells, they are 
apparently composed of undetermined cells. ATDC5, therefore, provides a good model system with which to 
understand chondrogenic differentiation. 
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Introduction 

Chondrocytes have been widely used in studies 
on the process of cell differentiation and various 
factors and conditions shown to be necessary for 
chondrogenic differentiation, such as cellular in- 
teraction, tissue interaction, NAD, bone morpho- 
genic protein, and c-AMP (Hunter and Caplan, 
1983). Neither the cellular mechanisms by which 
those factors or conditions affect the differentia- 
tion nor the nature of chondrogenic precursor 
cells has yet been clarified, however. 
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Isolation of a chondrogenic cell line may be 
quite useful in describing the mechanism of 
chondrogenic differentiation. Establishment of 
such a chondrogenic precursor cell line is not easy, 
because it is difficult to maintain chondrogenic 
cell phenotypes for a long time in culture and it is 
also difficult to establish a cell line from chick 
embryonic cells, which are usually used as sources 
for studying chondrogenesis. 

Mouse teratocarcinoma stem cells are believed 
to be derived from and equivalent to embryonic 
ectoderm cells of the egg-cylinder stage embryo, 
which were shown to differentiate into all types of 
somatic cells and germ cells of a mouse (Martin, 
1975). Various teratocarcinoma stem cell lines have 
been established; some of them can be maintained 
as a growing population of undifferentiated cells 
or can be induced to differentiate. They usually 



0922-3371/90/SO3.5O © 1990 Elsevier Scientific Publishers Ireland, Ltd. 



no 



differentiate into chondrocytes after their injection 
into a syngeneic host (Martin, 1975). However, 
they rarely differentiate into chondrocytes in vitro 
except one system that we reported previously 
(Atsumi et al., 1985). In it, PCC3/A/1 teratocar- 
cinoma cells constantly differentiated into 
chondrocytes in vitro after clonal growth for 
several days in serum-free 3F medium (see Materi- 
als and Methods) with a feeder layer of mitomy- 
cin-C-treated KCF cells, which were unidentifia- 
ble fibroblastic cells derived from another terato- 
carcinoma cell line OKTC3H-1 (Noguchi et al, 
1982) and chondrogenic differentiation was al- 
ways preceded by fibroblastic cell differentiation. 

As a teratocarcinoma stem cell is at a very early 
differentiation stage to be able to yield various 
types of somatic cells, it is improbable that 
chondrocytes are directly differentiated from the 
stem cell. There may be some intermediate differ- 
entiation stages between teratocarcinoma stem 
cells and chondrocytes. In normal development, 
chondrocytes are differentiated from mesodermal 
cells or neural crest cells; both cells usually ex- 
press fibroblastic phenotypes in vitro. We there- 
fore speculated that some fibroblastic cells derived 
from teratocarcinoma stem cells might be the pre- 
cursor cells of chondrocytes (Atsumi et al., 1985). 
Indeed, two fibroblastic cell lines were isolated 
from mouse teratocarcinomas which differentiate 
into chondrocytes when injected into a syngeneic 
mouse (Morgan et al., 1983; Nicolas et al., 1980). 
However, neither cell has been reported to dif- 
ferentiate into chondrocytes in vitro. Two estab- 
lished cell lines, C3H10T1/2 (Taylor and Jones, 
1979) and RJC3.1 (Grigoriadis et al., 1988), have 
been reported to be chondrogenic, but their 
chondrogenic differentiation appears to take place 
at a low frequency. In the present paper, our 
success in isolating a chondrogenic cell line with a 
high differentiating frequency from mouse terato- 
carcinoma-derived fibroblastic cells is described. 

Materials and Methods 

Cells and cell culture 

The cell line, AT805, was described previously 
(Takeichi et aL, 1981). It is a feeder-independent 



teratocarcinoma stem cell line, established from 
the embryoid body line SSEB (a subline of SEBIII 
(Amano et al., 1978)) originally derived from 
OTT6050 (Stevens, 1970). All stock cultures were 
grown in 3F medium which is a 1 : 1 mixture of 
Dulbecco's modified Eagle's medium (DMEM) 
and Ham's F12 (F12) containing 10 Mg/ m l human 
transferrin (Sigma), 10 jug/ml bovine insulin 
(Sigma), and 3 X 10" 8 M sodium selenite (Darmon 
et al., 1981) supplemented with 5% fetal calf serum 
(FCS). DF medium was a 1 : 1 mixture of DMEM 
and F12 containing 3 X 10" 8 M sodium selenite. 

Antisera and immunostaining 

Production and characterization of anti-carti- 
lage-specific proteoglycan (CSPG) rabbit serum 
were described by Kimata et al. (1981). Anti-type 
II collagen rabbit serum was obtained from Ad- 
vance (Tokyo). Normal swine serum, swine anti- 
rabbit Ig, peroxidase-conjugated rabbit anti-per- 
oxidase and 3-amino-acetyl carbazole were ob- 
tained from Dakopatts (Denmark). Cells in a Lab 
Tec chamber well (Miles) were washed with 
HCMF (Hepes-buffered Ca 2+ - and Mg 2+ -free 
saline) (Takeichi et aL, 1981) and then fixed with 
100% methanol at -20°C for 2 min. Cells were 
treated with normal swine serum, anti-CSPG or 
anti-type II collagen rabbit serum, anti-rabbit Ig 
swine serum and finally horseradish-peroxidase- 
conjugated anti-peroxidase rabbit Ig complex. The 
peroxidase-catalyzed reaction was carried out in 1 
mM 3-amino-acetyl carbazole/0.01% H 2 O 2 /0.1 M 
sodium acetate buffer (pH 5.2) at 37 °C for 20 
min. 

Histochemical staining with Alcian blue 

Cells were fixed with 100% methanol at - 20 ° C 
for 2 min. They were incubated with 0.1% Alcian 
blue (Sigma) in 0.1 N HC1 for 2 h at 25 °C (Lev 
and Spiecer, 1964), then they were washed three 
times with distilled water and observed with a 
microscope. 

Quantitation of chondrogenesis by Alcian blue stain- 
ing 

The extent of chondrogenic differentiation was 
estimated by measuring the amount of extractable 
dye. Stained cultures in a 6-cm Petri dish were 
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Fig. 1. Quantitative relationship between the concentration of 
Alcian blue and A 62 q- For preparing the indicated concentra- 
tions of Alcian blue solution, 0.1% Alcian blue in 0.1 N HC1 
was diluted in series with 6 M guanidine-HCl. 

extracted with 2 ml of 6 M guanidine-HCl for 8 h 
at 25 °C. Total optical density of extracted dye in 
6 M guanidine-HCl at 620 nm was measured and 
designated as A 620 (Matsutani and Kuroda, 1978; 
San Antonio and Tuan, 1986). The linear correla- 
tion between A 620 and the concentration of Alcian 
blue was obtained when the A 620 was lower than 
2.0 (Fig. 1). Therefore, it is possible, that A 620 is 
used as an index representing the amount of Al- 
cian blue, with the limitation that it should be 
lower than 2.0. 



Results 

Isolation of chondrogenic cell line ATDC5 

Murine teratocarcinoma AT805 cells can dif- 
ferentiate into a wide range of somatic cells in- 
cluding chondrocytes after their injection into a 
syngeneic host. They differentiated into chondro- 
cytes in vitro hardly at all, but, spontaneously, 
they differentiated into fibroblastic cells. In order 
to characterize these cells, we subjected them to 



clonal analysis. Into a 6-cm plastic Petri dish, 10 3 
cells were inoculated; 2 to 5 colonies were formed 
in each dish. A few colonies contained a round 
cell cluster in the center which morphologically 
resembled chondrocytes derived from the PCC3/ 
A/1 teratocarcinoma (Atsumi et al., 1985). As one 
such colony was stained with Alcian blue, other 
colonies containing these round cell clusters were 
cloned and after three repeats of the cloning, one 
clone was established and named ATDC5. 

ATDC5 exhibited a fibroblastic cell mor- 
phology at the subconfluent stage (Fig. 2A). The 
cells did not stop growing after confluence and the 
formed cell aggregates looked like cartilage nod- 
ules if the medium was changed every day. Cells 
in the aggregates exhibited a round morphology 
(Fig. 2B). These cartilage nodule-like aggregates 
were intensely stained with Alcian blue (Fig. 2C), 
and also stained immunohistochemically with 
anti-CSPG (Figs. 2D and 2E) and anti-type II 
collagen (Fig. 2F) antibodies. 

High dose insulin-dependent accumulation of Alcian 
blue-positive matrix 

We first used 3F medium supplemented with 
5% FCS both to maintain and to induce differenti- 
ation of ATDC5. To investigate whether each 
component of the culture medium is necessary for 
the differentiation, cells were cultured in various 
media with different compositions (Table I). All 
media were commonly supplemented with 5% FCS. 
Into a 6-cm Petri dish, 5 X 10 5 cells, suspended in 



TABLE I 

The chondrogenic differentiation of ATDC5 cells in various 
culture media 





Degree of differentiation (A 62 o) 


Without insulin 


With insulin a 


DF 


0.059 


1.239 


DF + Transferrin b 


0.058 


1.156 


DMEM 


0.063 


0.482 


F12 


0.068 


0.625 



The A 62 o value of 6 M guanidine-HCl was 0.049 (background). 
Each medium was commonly supplemented with 5% FCS. 
Each value is the mean of triplicate data. 
a 10 /ig/ml; b 10 Mg/ml. 



Fig. 2. (A) Morphology of ATDC5 in growing phase; (B) morphology of a cartilage nodule-like aggregate of ATDC5; (C) 
photomicrograph of differentiated ATDC5 cells stained with Alcian blue; (D) phase-contrast photomicrograph of differentiated 
ATDC5 cells stained with anti-CSPG antibody; (E) the same field as (D) without phase-contrast; (F) photomicrograph of 

differentiated ATDC5 cells stained with anti-type II collagen. Bar, 50 jim. 
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5 ml of each medium, were inoculated. The 
medium was changed daily for 14 days at which 
time the cells were fixed and stained with Alcian 
blue. The amount of extraclable dye bound was 
measured and used as a parameter of chondro- 
genic differentiation; the results are summarized 
in Table I. In each medium without the addition 
of 10 ng/ml insulin, only a few small clumps of 
cells were stained and very little dye was bound. 
The addition of transferrin to the medium had no 
effect at all, while the addition of insulin greatly 
promoted the differentiation. In DMEM of F12, 
to which insulin was added, ATDC5 cells also 
differentiated, but the differentiation was not as 
remarkable as in the DF medium. 

Effects of various concentrations of insulin on 
ATDC5 differentiation 

The above results showed that insulin was nec- 
essary for the differentiation of ATDC5. Next we 
examined the effects of various concentrations of 
insulin on this differentiation. One hundred thou- 
sand ATDC5 cells in DF medium supplemented 
with 5% FCS and various concentrations of in- 
sulin were inoculated into 6-cm Petri dishes. After 
14 days the cells were fixed and stained with 




Days 

Fig. 4. (A) Growth curves and (B) the time course of the 
stainability with Alcian blue of ATDC5 in medium with or 
without the addition of 10 jig/m\ insulin. (•) cell number in 
DF medium supplemented with 5% FCS and 10 /ig/ml in- 
sulin; (•) cell number in DF medium supplemented with 5% 
FCS alone; (D) A 620 of ATDC5 cells grown in medium supple- 
mented with 5% FCS and 10 Mg/ ml insulin; (■) A 62Q of 
ATDC5 cells grown in DF medium supplemented with 5% 
FCS alone. 




Insulin added ( jug /ml) 



Fig. 3. Effects of various concentrations of insulin added to the 
medium on the chondrogenic differentiation of ATDC5 cells. 
Cells were cultured for 14 days in DF medium supplemented 
with 5% FCS and the indicated concentration of insulin, and 
then stained with Alcian blue. The bound dye was extracted 
with 6 M guanidine-HCl. The concentration of extracted dye 
was measured at 620 nm and designated A b2Q . 



Alcian blue followed by the measurement of ex- 
tractable dye (Fig. 3). When at least 0.1 ^g/ml 
insulin was added, a significant promotion of dif- 
ferentiation was observed. The highest incidence 
of differentiation was observed with the addition 
of 10 to 50 ftg/ml insulin. Differentiation was 
inhibited by 100 jag/ml insulin. 

Growth curves of ATDC5 

Thus insulin enhanced not only the accumula- 
tion of the Alcian blue staining materials but alsc 
the cell proliferation in a concentration-dependen 
manner. To examine its effect on the growth o 
ATDC5, 10 5 cells were inoculated into a 6-cn 
Petri dish suspended in 5 ml of each medium, DI 
with 5% FCS or DF with 5% FCS and insulii 
(Fig. 4). The medium was changed every day. Ii 
DF with 5% FCS, cells became confluent at thi 
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density of 2 X 10 6 cells per 6-cm dish and stopped 
proliferating. In DF with 5% FCS and insulin, on 
the other hand, cells reached confluence when 
they increased up to 4 X 10 6 per dish. Two or 
three days after the confluence the cells began to 
proliferate again and to form cartilage nodule-like 
cell aggregates. Doubling time before the con- 
fluence was 14.4 h, whereas that afterwards was 48 
h. It should be noted that cells began to be stained 
with Alcian blue several days after they became 
confluent (Fig. 4). The production of Alcian blue 
staining materials appeared to be correlated with 
the insulin-dependent cell reproliferation. 

Expression of cartilage specif ic-proteogly can 

To determine whether or not the accumulation 
of the Alcian blue staining materials was due to 
the synthesis of cartilage-specific proteoglycan 
(CSPG), cells were cultured in Lab Tec chamber 
plates and immunostained. In DF medium supple- 
mented with 5% FCS and insulin, cells in a grow- 
ing phase were not stained with anti-CSPG anti- 
bodies. Just after entering a confluent phase, the 
cells had not yet formed cell aggregates; only a 
few were stained with the antibodies (Fig. 5A and 
B). When culturing was continued, and cartilage 
nodule-like aggregates were formed, most cells in 
the aggregates became intensely stained with anti- 
CSPG antibodies. In DF medium supplemented 
only with 5% FCS, ATDC5 cells did not form the 
cell aggregates even in the confluent phase; how- 
ever, a few were stained with the antibodies (data 
not shown). 

Pigmented cell differentiation 

Under the same conditions as in the chondro- 
genic differentiation, ATDC5 cells differentiated 
into brownish-black pigmented cells (Fig. 5C), 
although this occurred at very low frequency. It is 
possible that this differentiation was due to the 
contamination of other cells. To exclude this pos- 
sibility, 20 randomly isolated subclones of ATDC5 
were examined for their capacity to differentiate 
into both chondrocytes and pigmented cells. All 
those examined could differentiate into chondro- 
cytes and at least 17 of them could also differenti- 
ate into pigmented cells. Therefore, ATDC5 cells 




Fig. 5. (A) Phase-contrast micrograph of ATDC5 cell culture 
in a confluent phase where cartilage nodule-like cell aggregates 
had not yet formed; (B) the same field as (A) without phase- 
contrast. A few cells were already stained with anti-CSPG 
antibodies; (C) photomicrograph of pigmented cells differenti- 
ated from ATDC5. Bar, 50 jim. 
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were bipotent progenitor cells for chondrocytes 
and pigmented cells. 



Discussion 

We succeeded in isolating a cell line, ATDC5, 
from a differentiating culture of AT805 teratocar- 
cinoma cells. ATDC5 cells easily formed cell ag- 
gregates when grown in a medium supplemented 
with insulin. The aggregates thus formed looked 
very similar to cartilage nodules which mesen- 
chymal cells of chick embryo limb buds form 
when cultured at high density. In these aggregates 
ATDC5 cells showed a round morphology and the 
ability to synthesize both CSPG and type II col- 
lagen, which is characteristic of chondrocytes. 
Without the addition of insulin ATDC5 cells 
stopped growing when they became confluent, as 
observed with most normal cells. They neither 
formed cell aggregates nor were stained with Al- 
cian blue. However, there were a few cells stained 
with anti-CSPG antibodies. 

Insulin may play an important role in the 
growth and metabolism of developing cartilage 
(Silbermann, 1983). We have also shown here that 
insulin supported the proliferation of cells in a 
postconfluent phase and promoted the formation 
of cartilage nodule-like aggregates with chondro- 
cyte-characteristic phenotype expressions. A few 
possibilities for the role of insulin can be pointed 
out: (1) insulin directly induces chondrogenic dif- 
ferentiation; (2) insulin induces cell proliferation 
even in a postconfluent phase and the resultant 
high cell density leads ATDC5 cells to differenti- 
ate into chondrocytes; (3) when insulin is present 
in the culture medium, unknown factors induce 
chondrogenic differentiation and only differenti- 
ated cells can continue to proliferate, even in a 
postconfluent phase. 

With regard to the first possibility, if insulin 
directly induces the chondrogenic differentiation, 
ATDC5 cells should begin to differentiate when 
they are inoculated into medium supplemented 
with insulin. However, the characteristic chondro- 
genic differentiation of ATDC5 only occurred in a 
postconfluent phase; therefore, this possibility 
seems unlikely. The second possibility is sup- 



ported by the fact that chondrogenic differentia- 
tion of chick limb bud cells in vitro is readily 
induced when the cells are seeded at high density 
(Solursh, 1983). The third possibility is also likely, 
because there were a few cells with the chondro- 
genic phenotype expression even in the cultures 
without the exogenous addition of insulin. The 
exact role of insulin in the chondrogenic differ- 
entiation of ATDC5 thus remains to be de- 
termined. 

Since ATDC5 cells can also differentiate into 
pigmented cells, they are supposed to be at a 
prestage where cells have not yet determined to 
become chondrocytes. ATDC5 cells may be pro- 
genitor cells for chondroblasts. Darmon et al. 
(1984) reported that teratocarcmoma-derived 
mesenchymal cells could be converted into kera- 
tinocytes and astrocytes. Our results in this paper 
and theirs suggest that teratocarcinoma-derived 
mesenchymal cells (or embryonic mesenchymal 
cells) may have a greater capacity for differentia- 
tion than we have expected. 

In comparison with other chondrogenic cell 
lines (C3H10T1/2 or RJC3.1), ATDC5 cells ap- 
pear able to differentiate into chondrocytes at a 
very high frequency. This cell line will, therefore, 
be useful for studying the cellular and molecular 
mechanism of chondrogenic differentiation. 



Acknowledgements 

We thank Dr. H. Urushihara (Tsukuba Univer- 
sity) for her critical reading of the manuscript and 
Dr. Y. Oike for his useful advice. This work was 
supported, in part, by Grant-in-Aid for Cancer 
Research from the Ministry of Education, Science 
and Culture of Japan. 



References 

Amano, S., K. Uno and A. Hagiwara: Cardiac muscle cell 
differentiation in vitro from a characteristic cell line iso- 
lated from mouse teralocarcinoma. Dev. Growth Differ. 20, 
41_47 (1978). 

Atsumi T T. Noguchi and L Ikawa: Clonal growth and 
mesenchymal differentiation of PCC3/A/1 teratocar- 



116 

cinoma cells in serum-free medium. Cell Struct. Funct. 10, 
47^54 (1985). 

Darmon, M., J- Bottenstein and G. Sato: Neural differentia- 
tion following culture of embryonal carcinoma cells in a 
serum-free defined medium. Dev. Biol. 85, 463-473 (1981 J. 

Darmon, M., J.-F. Nicolas and D. Lamblm: 5-Azacytidine is 
able to induce the conversion of teratocarcinoma-derived 
mesenchymal cells into epithelial cells. EMBO J. 3, 961-967 
(1984). 

Grigoriadis, A.E., J.N. Heersche and J.E. Aubm: Differentia- 
tion of muscle, fat, cartilage and bone from progenitor cells 
present in a bone-derived clonal cell population: effects of 
dexamethasone. J. Cell Biol. 106, 2139-2151 (1988). 

Hunter, S.J. and A.I. Caplan: Control of cartilage differentia- 
tion. In: Cartilage: Development, Differentiation, and 
Growth, Vol. 2, ed. B.K. Hall (Academic Press, New York) 
pp. 83-120 (1983). 

Kimata, K., H.-J. Barrach, K.S. Brown and J. P. Pennypacker: 
Absence of proteoglycan core protein in cartilage the 
cmd/cmd (cartilage matrix deficiency) mouse. Biol. Chem. 
256, 6961-6968 (1981). 

Lev, R. and S.S. Spicer: Specific staining of sulfate groups with 
Alcian blue at low pH. J. Histochem. Cytochem. 12, 309 
(1964). 

Matsutani, E. and Y. Kuroda: Enhancement of chondrogenesis 
of cultured quail limb bud mesenchymal cells by cellophane 
films. Cell Struct. Funct. 3, 237-248 (1978). 

Martin, G.R.: Teratocarcinoma as a model system for the 
study of embryogenesis and neoplasia. Cell 5, 229-243 
(1975). 

Morgan, R.H.M., J. A. Henry and M.L. Hooper: Isolation of 
cell lines from differentiating embryonal carcinoma cul- 
tures. Exp. Cell Res. 148, 461-473 (1983). 

Nicolas, J.F., J. Gaillard, H. Jacob and F. Jacob: Bone forming 



cell line derived from embryonal carcinoma cells. Nature 
286, 716-718 (1980). 
Noguchi, T., C. Taya and K. Moriwaki: Search for transplan- 
tation method facilitating establishment of normal diploid 
teratocarcinomas from "Resistant" C57BL mice. In: 
Genetic Approaches to Developmental Neurobiology, ed. 
Y. Tsukada (University of Tokyo Press, Tokyo) pp. 101 -1 10 
(1982). 

San Antonio. J.D. and R.S. Tuan: Chondrogenesis of limb bud 
mesenchyme in vitro: stimulation by cations. Dev. Biol. 
115, 313-324 (1986). 

Silberman, M.: Hormons and cartilage. In: Cartilage: Develop- 
ment, Differentiation, and Growth, Vol. 2, ed. B.K. Hall 
(Academic Press, New York) pp. 313-324 (1983). 

Solursh, M.: Cell-cell interactions and chondrogenesis. In: 
Cartilage: Development, Differentiation, and Growth, Vol. 
2, ed. B.K. Hall (Academic Press, New York) p. 123 (1983). 

Stevens, L.C.: The development of transplantable teratocar- 
cinomas from intratesticular grafts of pre- and postimplan- 
tation mouse embryos. Dev. Biol. 21, 364-382 (1970). 

Takeichi, M., T. Atsumi, C. Yoshida, K. Uno and T.S. Okada: 
Selective adhesion of embryonal carcinoma cells and dif- 
ferentiated cells by Ca 2 ^-dependent sites. Dev. Biol. 87, 
340-350 (1981). 

Taylor, S.M. and D.A. Jones: Multiple new phenotypes in- 
duced in 10T1/2 and 3T3 cells treated with 5-Azacytidine. 
Cell 17, 771-779 (1979). 

Takeichi, M., T. Atsumi, C. Yoshida, K. Uno and T.S. Okada: 
Selective adhesion of embryonal carcinoma cells and dif- 
ferentiated cells by Ca 2 + -dependent sites. Dev. Biol. 87, 
340-350 (1981). 

Taylor, S.M. and D.A. Jones: Multiple new phenotypes in- 
duced in 10T1/2 and 3T3 cells treated with 5-Azacytidine. 
Cell 17, 771-779 (1979). 



